The extracellular signal-regulated kinases (ERKs) 1 and 2 are mitogen-activated protein kinases that act as key components in a signaling cascade linking growth factor receptors to the cytoskeleton and the nucleus. ERK2 mutants have been used to alter cytoskeletal regulation in Chinese hamster ovary cells without affecting cell growth or feedback signaling. Mutation of the unique loop L6 (residues 91-95), which is in a portion of the molecule that is cryptic upon the binding of ERK2 to the microtubules (MTs), generated significant morphological alterations. Most notable phenotypes were observed after expression of a combined mutant incorporating changes to both L6 and the TEY phosphorylation lip, including a 70% increase in cell spreading. Actin stress fibers in these cells, which normally formed a single broad parallel array, were arranged in three or more orientations or in fan-like arrays. MTs, which ordinarily extend longitudinally from the centrosome, spread radially, covering a larger surface area. Single, but not the double, mutations of the Thr and Tyr residues of the TEY phosphorylation lip caused a ca. 25% increase in cell spreading, accompanied by a threefold increase in chemotactic cell migration. Mutation of Lys-52 triggered a 48% increase in cell spreading but no alteration to chemotaxis. These findings suggest that wild-type ERK2 inhibits the organization of the cytoskeleton, the spreading of the cell, and chemotactic migration. This involves control of the orientation of actin and MTs and the positioning of focal adhesions via regulatory interactions that may occur on the MTs.
INTRODUCTION
The cellular response to growth factors and extracellular signals requires a cascade of events leading to the transmission of signals from the cell surface to the cytoskeleton, the nucleus, and other points within the cell. The extracellular signal-regulated kinases, ERK1 and ERK2, representing one link between the cell surface and these intracellular targets. An obvious role for the ERK signaling cascade is in regulating cell growth and differentiation. In this capacity these ERKs translocate to the nucleus after activation, where they phosphorylate and regulate a number of transcription factors including Elk-I (reviewed in Karin, 1995) .
In most cases, growth factors also effect changes in cytoskeletal architecture leading to altered morphology and chemotactic migration. During cell adhesion and migration, the forward locomotion of the plasma membrane requires the polymerization and cross-link-ing of actin (reviewed in Stossel, 1993) . Ultimately, focal adhesions are formed that tether actin fibers to the substratum. Cdc42Hs, Racl, and RhoA are small G-proteins implicated in promoting the formation of novel focal adhesions and the polymerization of actin through sequential events at the plasma membrane Nobes and Hall, 1995) . The ERKs are also activated during cell adhesion via integrin signaling through ppl25FAK or caveolin and Shc (Chen et al., 1994; Wary et al., 1996) and during chemotaxis by chemoattractants such as N-formylmethionylleucylphenylalanine (Grinstein and Furuya, 1992) . In both cases, these signals are transmitted via Ras to the ERK/MAPK cascade (Worthen et al., 1994; Clark and Hynes, 1996; Pillinger et al., 1996) . However, unlike with the other small G-proteins, signaling through Ras to the ERKs is not required for focal adhesion formation or actin polymerization (Clark and Hynes, 1996; Joneson et al., 1996) . Instead, a growing body of evidence suggests that the ERKs may have an inhibitory effect on cytoskeletal organization during these events, possibly through regulation of microtubules (MTs) .
In various systems, the ERKs have been shown to associate with either the MTs or the actin filaments. In smooth muscle cells, activated ERK translocates to actin fibers where it is juxtaposed with caldesmon (Khalil et al., 1995) . Caldesmon is a substrate for ERK in vitro and phosphorylation of its target sequence has been implicated in the regulation of myosin-MgATPase activity (Childs et al., 1992; Redwood et al., 1993) . In neuronal and fibroblastic cells, ERKs 1 and 2 associate with the MTs (Mandelkow et al., 1992; Fiore et al., 1993; Lu et al., 1993; Reszka et al., 1995; MorishimaKawashima and Kosik, 1996) . In cultured fibroblasts, half of all activated ERK is associated with MTs (Reszka et al., 1995) , whereas in neuronal cells, the MT-associated pool is constitutively active (Morishima-Kawashima and Kosik, 1996) . This places active ERK in close proximity to two MT-associated proteins (MAPs): MAP2, which is found in neuronal tissues, and MAP4, which is nearly ubiquitous. These MAPs stimulate the nucleation of new MTs from af3-tubulin dimers and promote further polymerization of existing MTs (Herzog and Weber, 1978; Bulinski and Borisy, 1980) . However, when MAPs 2 and 4 are phosphorylated by ERK in vitro, these MT-promoting properties are lost (Hoshi et al., 1992) .
Studies demonstrating the role of the ERK/MAPK signaling cascade in mitogenesis have also presented evidence of cytoskeletal regulation in vivo (Cowley et al., 1994; Mansour et al., 1994; Seger et al., 1994) . Mutants of one type of MAPK kinase, known as MEK (MAPK/ERK Kinase), with constitutive or heightened catalytic activity caused enhanced ERK activity and faster growth rates. These phenotypes were accompanied by morphological rounding and a loss of cytoskeletal organization. In contrast, inactive MEK mutants led to inhibited ERK activities, suppressed growth rates, and enhanced cytoskeletal organization and morphological flattening. Comparable effects were observed with overexpression of a MAPK phosphatase (Noguchi et al., 1993) . Furthermore, dominant negative Ras, which inhibits signaling into the ERK cascade by ppl25FAK, enhanced the formation of novel focal adhesions during cell attachment and spreading (Clark and Hynes, 1996) .
The existence of a feedback signaling loop between MEK and Sos, the guanine nucleotide exchange factor for Ras, has complicated our understanding of the ERKs contribution to these cytoskeletal phenotypes. Normally, down-regulation of Ras can be achieved through the phosphorylation of Sos via either ERK or a novel MEK-activated kinase that is not downstream of ERK (Cherniack et al., 1994; Rozakis Adcock et al., 1995; Corbalan-Garcia et al., 1996; Holt et al., 1996) . When inactive MEK mutants prevent Sos phosphorylation Ras remains active over a longer period of time. Ras is upstream of a multitude of signaling molecules including Racl and RhoA, which have been implicated in cytoskeletal regulation . Thus, an alteration to feedback signaling may contribute to cytoskeletal phenotypes observed in transfectants expressing MEK mutants. Indeed, transient inhibition of Ras activity can partially reverse morphological changes generated through expression of constitutively active MEK, suggesting that feedback signaling adds to the cytoskeletal phenotypes (Cowley et al., 1994) .
This report focuses on the role of the ERKs in regulating the cytoskeleton in vivo. Our approach differed from previous studies in that cytoskeleton structure was altered without simultaneously changing cell growth or feedback signaling to Sos. This was achieved by expressing ERK2 mutants at levels below those needed to suppress mitogenesis (Pages et al., 1993) . Our findings suggest that wild-type ERK controls cell morphology and chemotactic migration via mechanisms that control orientation of actin fibers and MTs and the positioning of focal adhesions. In addition to implicating enzyme activation, we found evidence that a unique loop, L6 (Zhang et al., 1994) , which is in a region of the protein that is masked when ERK2 is associated with the MTs (Reszka et al., 1995) (Seger et al., 1994) . Hemagglutinin-tagged recombinant ERK2 (HA-ERK2) cDNAs (Frost et al., 1994) were doned into the pcDNA3 expression vector (Invitrogen, Carlsbad, CA) at KpnI and XbaI restriction endonudease sites. Wild-type ERK2; mutants K52R, T183E, and Y185F; and double mutant T183A/Y185F (AEF) were generous gifts from Melanie Cobb (University of Texas, Southwestern Medical Center, Dallas) and have been previously described (Robbins et al., 1993; Frost et al., 1994) . Mutation of two adjacent residues, E94D/Q95A, in the L6 loop (residues 91-95; Zhang et al., 1994) was carried out by the polymerase chain reaction (Seger et al., 1994) using antisense ERK2 oligonudeotide (5'-CCATGAGGTCCTGTACTATATATACATCIT-CATCGCGTCAATGGTT-3') and sense pcDNA3 oligonudeotide (5'-CCCACTGCTITACTGG-CTTATC-3'). The polymerase chain reaction product was cloned into either of two ERK2-pcDNA3 expression constructs by using SacH and PpuMI restriction endonucleases to create "L6DA," which is catalytically active, and "L6DA/AEF," which is catalytically inactive. All mutant cDNA sequences were verified by double-stranded DNA sequencing.
Cell Growth Rates
Population doubling times were determined after growth for 3 d. -504868) . From these traces, the length of the cell peripheries, the area of the cells, and their lengths and widths (lengths of the major and minor axes of the best fitting ellipse) were determined. Cell spreading was calculated as either the ratio of area to cell perimeter length or as the the width of the cell.
Immunocytochemistry and Immunoblotting
Immunofluorescence staining of prepared cytoskeletons was carried out as described (Reszka et al., 1995) with the following exceptions: Cells were grown on gelatin-coated (1% solution, 15 min at room temperature) glass coverslips in DMEM containing 10% FCS and 2 mM proline for 5 d prior to extraction and fixation. Antibodies used for immunofluorescence have already been described (Reszka et al., 1995) except anti-vinculin monoclonal antibody (Sigma), which was diluted 1:400. Immunofluorescence signals were analyzed with a Bio-Rad MRC 600 confocal microscope. Immunoblotting was performed according to Reszka et al. (1995) . Anti-ERK/MAPK polyclonal antibody 7884 (Seger et al., 1994 ) was used at a concentration of 1:10,000 to probe immunoblots. Sos gel shift analyses were performed as described by Holt et al. (1996) . Anti-Sos monoclonal antibody (Transduction Laboratories, Lexington, KY) was used to probe immunoblots at a concentration of 0.25 gg/ml.
Cell Migration
Chemotactic cell migration assays were performed as described (Bornfeldt et al., 1994) with the following modifications: Polyvinylpyrrolidone-free polycarbonate membranes (8-gm pore size)
were coated with fibronectin (20 ,ug/ml) and fatty acid-free BSA (5 ,ug/ml) in PBS (based on Grinnell and Feld, 1982) for 60 min at room temperature. Cells were washed twice with PBS containing EDTA (0.27 M) and released with trypsin (0.0025%) in PBS/EDTA for 1 to 2 min at room temperature. Cells were washed three times with a solution of DMEM containing fatty acid-free BSA (0.1 mg/ml) and suspended at a concentration of 106 cells/ml. For each mutant, a minimum of three clones (two for Y185F) were assayed in triplicate in three independent experiments, and migrated cells from two microscopic fields were counted (typically .54 microscopic fields were assayed per class of mutant). Relative migration rates were determined by first subtracting average migration rates in the absence of platelet-derived growth factor BB (PDGF-BB) and then comparing adjusted values from each class of transfectant to the untransfected controls.
Vol. 8, July 1997 
RESULTS

Expression of HA-tagged ERK2 and Its Mutants in CHO Cells
Manipulation of endogenous ERK activities can be achieved through overexpression of various enzymes that regulate ERK, including mutants of the upstream activator MEK. This is effective in altering ERK activities and cytoskeletal organization, but not without severely altering mitogenesis, oncogenesis, and feedback signaling (Cowley et al., 1994; Mansour et al., 1994; Seger et al., 1994; Holt et al., 1996) . To overcome this difficulty, we overexpressed ERK2 and its mutants in CHO cells, which offered a number of benefits: 1) Specific inhibition of ERK activity does not impact feedback signaling to Sos in the CHO cell system . 2) Inactive ERKs do not suppress mitogenesis without marked overexpression of the mutant enzyme (Pages et al., 1993) .
3) The ERKs bind to the MTs (Mandelkow et al., 1992; Reszka et al., 1995) where they are juxtaposed with cytoskeletal substrates. The normal physical targeting of mutant ERK2 constructs to sites of interaction on the MTs was expected to demonstrate potent cytoskeletal phenotypes. Figure 1 shows a schematic diagram of ERK2 with the amino acid residues that were targeted for mutation. Lys-52 is necessary for catalytic activity, although it is known that the mutant K52R can be phosphorylated by MEK in vitro and that this generates only 5-7% activity (Robbins et al., 1993) . The TEY activation domain (residues 183-185) must be phosphorylated on both Thr and Tyr residues to activate the kinase. The AEF (T183A/Y185F) double mutant is not a substrate for MEK in vitro and is catalytically inactive (Robbins et al., 1993; . In contrast, T183E and Y185F can yield partial activity after in vitro phosphorylation by MEK. We also mutated part of the L6 loop of ERK2 (residues 91-95). L6 contains a unique sequence that resides between subdomains IV and V of ERK2 (Hanks and Hunter, 1995) . The crystal structure shows that L6 is adjacent to amino-and carboxyl-terminal epitopes that are masked upon ERK-MT interaction (Zhang et al., 1994; Reszka et al., 1995) . The catalytically active "L6DA" mutant (E94D/ Q95A) and an inactive variant "L6DA/AEF" (E94D/ Q95A/T183A/Y185F) were created to assess the contribution of L6 to cytoskeletal regulation. CHO cells were transfected with each of the constructs, isolated, screened for expression, and maintained as described in MATERI-ALS AND METHODS. After cell lysates were made, proteins were separated by SDS-PAGE, blotted, and probed with an anti-ERK polyclonal antibody.
Interestingly, regarding the HA-tagged ERK2 constructs, a two-to threefold larger proportion of G418-resistant clones were found to express the catalytically inactive mutants than the wild-type enzyme or the catalytically active L6DA mutant. They all migrated with an apparent molecular weight of 43 kDa by SDS-PAGE and could be visualized by immunoblotting with anti-ERK (Figure 2 ) or anti-HA antibodies. The anti-ERK antibodies enabled direct comparison between expression of HA-ERK2 and the endogenous enzyme, which migrates at 42 kDa. We chose wildtype and mutant constructs with expression levels near to those of the endogenous enzyme (approximately twofold expression) for further analysis. This was the highest consistent level of expression attained in this system and well below levels expected to alter mitogenesis.
Effect of ERK2 Mutants on Endogenous ERK Activities and Cell Growth
The effects of a twofold overexpression of the ERK2 mutants on mitogenesis was explored (Figure 3) . To examine the intrinsic activities of the overexpressed kinases, the epitope-tagged constructs were immunoprecipitated from cell lysates using an anti-HA antibody. Kinase activities were determined by using MBP as a substrate in both in-gel kinase assays, which showed kinase activity in a single band of 43 kDa (our unpublished results), and in suspension with the HAtagged constructs still attached to the protein A-Sepharose beads ( Figure 3A) . Comparable 16-and 17-fold increases in activity for the wild-type and the L6DA ERK2 constructs, respectively, were found after serum-starved cells were stimulated with FCS for 15 min. All of the mutants targeting residues required for catalytic activity showed essentially no enzymatic activity after stimulation with FCS for 15 min. Antiphosphotyrosine immunoblotting showed that the stimulation caused elevated phosphorylation on the . To confirm this, we determined whether our ERK2 mutants affected feedback signaling to Sos in response to serum stimulation in the CHO transfectants. The phosphorylation of Sos in each of the various transfected cells (Figure 4 ) was determined by examining alterations in electrophoretic mobility before and after stimulation. Treatment of untransfected CHO cells with 10% FCS for 0, 10, 30, 60, 120, or 240 min ( Figure 4A , lanes 1-6) showed that Sos (apparent molecular weight approximately 170 kDa) was rapidly phosphorylated, as seen by a doublet of slower migrating bands during SDS-PAGE. These findings are in slight contrast with results presented for insulin-stimulated CHO/IR cells, which display transient phosphorylation of Sos, lasting for less than 30 min (Waters et al., 1995) . A similar phosphorylation profile was also observed in CHO transfectants expressing wild-type enzyme ( Figure   4B ), T183E ( Figure 4C ), or L6DA/AEF ( Figure 4D ).
Analyses of all other mutants stimulated for 0, 10, and 30 min with 10% FCS showed comparable changes in electrophoretic mobility (our unpublished results). These data suggest that these ERK mutants do not interfere with feedback signaling to Sos. They are of further significance since they suggest that the cytoskeletal and chemotactic phenotypes described below are attributable to ERK activities and not to other signaling molecules activated as a result of abnormal feedback signaling to Sos and, ultimately, through Ras.
Effect of ERK2 Mutants on Cell Morphology and Cytoskeletal Organization
Unlike ERK2 interactions in the nucleus, which occur in a diffuse pool of enzyme (Reszka et al., 1995) , those between ERK2 and MT-associated substrates are predicted to take place within the context of a bound state. Thus, the various mutants may demonstrate cytoskeletal phenotypes by nature of their ability to effectively block interactions between substrate and functional kinases. The observed morphological phenotypes of the ERK transfectants suggested that this had occurred. Untransfected cells showed predominantly elongated fibroblastic or bipolar morphologies ( Figure 5A ) and the average cell length and widths were at 117 and 12.5 ,um, respectively. The latter was used to determine the relative cell widths of the various transfectants (Table 1) . A second parameter of cell spreading examined the ratio of cell area to the length of the cell periphery (A/P ratio). The A/P ratio increases as a cell spreads over a wider area. Relative values for the various transfectants are shown in Table  1 and an A/P ratio of 7.8 was determined for the untransfected CHO cells. The somewhat large standard deviations observed in these cell spreading assays was not unexpected, as each cell within a given population displayed a slightly different shape and degree of spreading ( Figure 5 ). Cell perimeters were also examined in terms of the flatness of the edges, which was analyzed by using phase-contrast microscopy, as described in MATERIALS AND METHODS. Ten percent of the untransfected population had completely flattened edges that are almost indistinguishable from the surrounding medium ( Figure 5 , A and F). All clones expressing the wild-type ERK2 ( Figure 5 , B and F) or empty vector ( Figure 5F ) showed no increases in cell spreading (Table 1 ) and a comparable proportion of completely flat cells in the population. Notable alterations in cell morphology were observed for most of the clones expressing the L6DA (five of eight) and L6DA/ AEF (six of nine) mutants ( Figure 5 , C and D, respectively). Most striking phenotypes were found in the L6DA/ AEF transfectants, which were both larger and flatter than the control cells. These showed a 70% increase in cell spreading, with an average width of 22.5 Am and an average A/P ratio of 12.3 (Table 1) . Phase-contrast microscopy showed that the peripheral membranes in these cells also extended to form thinner and flatter edges that were almost indistinguishable from the surrounding medium ( Figure 5D , arrows and inset). Populations expressing L6DA/AEF showed a fivefold increase in the number of cells with a completely flattened Molecular Biology of the Cell periphery (50% of the population) compared with those expressing the controls ( Figure 5F ). Interestingly, transfectants expressing the catalytically active L6DA mutant displayed morphological differences that were not readily distinguished by quantitative analyses. These cells showed particularly bright cell peripheries ( Figure  5C , arrows and inset) and an increase in the number of darkened patches near the cell termini. However, analyses of cell spreading (Table 1) and edge flattening (Figure 5F) showed consistent but minor increases in these parameters. The vast increases in cell spreading and flattening observed after expression of the L6DA/AEF "double" mutant appeared to arise from a synergy between the L6DA mutation and the (TEY to) AEF mutation, which by itself had no qualitative or quantitative effects on cell spreading or flattening (Table 1 ; Figure 5 , E and F). In contrast, two other mutations targeting single residues of the TEY phosphorylation lip, T183E, and Y185F, showed a 20-25% increase in cell spreading (Table 1) . This correlated well with a 2.5-fold increase in the number of cells with completely flattened edges (Figure 5F ). The K52R mutation demonstrated a larger increase in cell spreading (48% over the controls), with an average width of 19.5 ,um and an A/P ratio of 10.7. The K52R populations also showed a 2.5-fold increase in the number of cells with completely flattened cell peripheries.
To examine alterations in the actin and MT networks, cytoskeletons were prepared from cells that were grown on glass coverslips, stained with cytoskeleton-specific antibodies, and analyzed by confocal microscopy (Figures 6 and 7 ). MTs were stained with both anti-tubulin and anti-ERK antibodies (Figure 6 ). Actin stress fibers and focal adhesions were visualized with anti-actin and anti-vinculin antibodies, respectively ( Figure 7) . In untransfected cells both the MT and actin networks were oriented along the long axes of the cells (Figures 6A and 7A ). Since the MTs were stained with both anti-tubulin and anti-ERK antibodies, the signals were coincident. In the untransfected ( Figure 6A ) or vector control cells (Figure 6F ), the combined image was orange rather than yellow/green because these cells did not overexpress ERK2. Focal adhesions ( Figure 7A ), which fluoresce with a green signal from fluorescein isothiocyanate (FITC), are found at the end of the Texas Red-labeled actin stress fibers and were mostly limited to either end of the cell or beneath the nucleus in these control cells.
Similar immunofluorescence patterns were observed for CHO cells overexpressing the wild-type HA-ERK2 constructs, with both cytoskeletal networks oriented along the length of the cells (Figures 6B and  7B) . The ERK-specific staining seen in Figure 6 showed an increase in the green signal from FITC label, which combined with the signal from Texas Red-labeled tubulin to yield a more intense yellow/green color. This demonstrated the enhanced levels of MT-bound ERK2 in transfected cells compared with the untransfected or vector controls. The increase in ERK-MT association was also observed for L6DA ( Figure 6C ), L6DA/ AEF ( Figure 6D ), AEF ( Figure 6E ), and the other mutants, suggesting that all bound to the MTs in the CHO cell system. This increase appeared qualitatively proportionate to the expression of HA-ERK2 and was verified by cell fractionation (our unpublished results) as previously described (Reszka et al., 1995) . In a majority of the cells expressing the L6DA mutant ( Figure  6C ), the MT networks radiated from the centrosome into lateral regions instead of orienting toward either end of the cell. The actin cytoskeleton was also rearranged ( Figure 7C ), typically with three sets of arrays, each in a different orientation and with focal adhesions found in three or more clusters along the cell periphery. Cells expressing L6DA/AEF showed a 50% increase in spreading over those expressing L6DA (Table 1 ). The MT arrays in these transfectants extended radially throughout the cytoplasm, terminating at multiple points along the cell periphery. The actin arrays in L6DA/AEF cells ( Figure 7D ) were in multiple orientations or fan-like arrays. Similar but less-extensive cytoskeletal rearrangements were observed in 25% of all cells expressing the K52R, T183E, and Y185F mutants. These changes included reorientation of the actin cytoskeleton and enhanced spreading of MTs and were consistent with the 20-50% increases in cell spreading. None of the mutant ERK2 constructs appeared to alter the number of Glu-MTs or the sensitivity of the MTs to disruption with nocodazole (our unpublished results). Changes in the actin and MT arrays did not appear to result from an in-ERK2-mediated Cytoskeletal Regulation crease in the overall quantity of polymer, as determined by immunohistochemistry and cell fractionation (Figures 6 and 7 and our unpublished results), thus suggesting that the predominant phenotype related to the orientation and positioning of these arrays.
ERK2 Mutants Enhance Chemotactic Cell Migration A possible link between the ERKs and cell migration has already been suggested by their activation after stimulation with chemoattractants such as N-formylmethionylleucylphenylalanine (Thompson et al., 1993; Pillinger et al., 1996) . Since the ERK mutants described herein caused significant morphological and cytoskeletal changes, we hypothesized that chemotaxis toward PDGF-BB might also be affected. Cell migration of multiple wild-typeand mutant-expressing clones were assessed in triplicate in three independent experiments, and relative migration rates were determined (Figure 8) tween different subcellular compartments. Four small G-proteins within the Ras family are implicated in regulating the cytoskeleton and transcription. Cdc42Hs, Racl, and RhoA initially emerged as regulators of the cytoskeleton and subsequently were found to regulate transcription through the JNK and p38 MAPK cascades (Bagrodia et al., 1995; Coso et al., 1995; Minden et al., 1995; S. Zhang et al., 1995) . Ras has long been known to affect both oncogenesis and cytoskeletal integrity. After discovery of the first MAPK signaling pathway the ERKs were identified as elements downstream of Ras capable of both cytoskeletal and mitogenic regulation (Hoshi et al., 1992; Pages et al., 1993) . Numerous other studies also implicate the ERKs in regulating the MTs (Gotoh et al., 1991; Drechsel et al., 1992; Shiina et al., 1992; Lu et al., 1993; Verlhac et al., 1993 Verlhac et al., , 1994 Verlhac et al., , 1996 . Some studies have shown that the ERKs have no ability to promote the polymerization of actin or the formation of focal adhesions, leading to the conclusion that they do not regulate the cytoskeleton or cellular morphogenesis in vivo (Clark and Hynes, 1996; Joneson et al., 1996) . A number of possibilities might explain how mutants of Ras, Rafl, MEK, and ERK alter cytoskeletal organization and cell morphology including the facts that 1) the ERKs directly regulate cytoskeletal elements such as the MAPs, 2) feedback signaling through Ras leads to activation of other relevant pathways, and 3) downstream targets associated with mitogenesis can be implicated. This report demonstrates that ERK2 regulates cytoskeletal organization and chemotactic cell migration independently of its effect on mitogenesis or feedback signaling that would ultimately affect Ras. This is of importance, because the described phenotypes suggest that the ERKs regulate the cytoskeleton in response to mitogenic and chemotactic signals. As such, the ERKs play a significant role in establishing a necessary balance between forces that promote or restrict the organization of the cytoskeleton. The ERKs are present in three identifiable subcellular pools in fibroblasts: MT-bound, diffuse cytoplasmic, and diffuse nuclear (Reszka et al., 1995) . Our data suggest that the MT-bound ERKs are responsible for regulating cytoskeletal organization. The specificity of the L6 mutants for generating cytoskeletal phenotypes suggests that the ERKs regulate the cytoskeleton via interactions that may occur on the MTs. The importance of the findings relates to the fact that this loop does not contribute to catalysis, and it resides in a region of the molecule that is cryptic upon ERK2 binding to the MTs. Mutations that affect either the L6 loop (L6DA) or both the L6 loop and enzyme activation (L6DA/AEF) drastically altered the general organization of the cytoskeleton in the cell but had no effect on growth or feedback signaling to Sos, both of which are considered to be regulated in noncytoskeletal compartments. The cell spreading and flattening in the L6DA/AEF transfectants was not as marked as in cells with massively suppressed ERK activities as seen after overexpression of dominant negative MEK (Cowley et al., 1994; Seger et al., 1994) . However, unlike in the previous studies, the phenotypes observed with the ERK2 mutants were generated with modest overexpression of the enzyme and in the absence of other mitogenic phenotypes. Furthermore, cytoskeletal and morphological phenotypes were observed without targeting the catalytic activity of the enzyme, as occurred with the L6 loop (L6DA) mutant. Thus MTspecific interactions correlate with cytoskeleton-specific phenotypes.
It is still not known what ERK2 is interacting with via the L6 loop, because both L6DA mutants bound to the MTs as seen by both immunofluorescent staining and by cell fractionation. Morishima-Kawashima and Kosik (1996) have shown that ERK2 and MAP2 associate in vitro, an interaction that may occur via L6. However, MAP2 is not found in tissues or cells of nonneuronal origin. While MAP4 is also a candidate, its function in the cell is unclear because disruption of the MAP4-MT interaction has been shown to have no effect on MT distribution in vivo (Wang et al., 1996) . Furthermore, we have observed that ERK2 binds directly to MTs in vitro and that its binding is not altered by the addition of MAP4 or a synthetic L6 peptide (Reszka and Bulinski, unpublished observations). Certainly our understanding of the mechanism by which the L6 loop mutants act would benefit from the identification of relevant substrates and proteins that might interact with this region of the molecule.
Previous crystallographic analyses may provide insight as to why the various inactive ERK2 mutants Vol. 8, July 1997 generated different phenotypes. Mutations targeting K52, T183, and Y185 do not significantly disorder the L6 loop (residues 91-96), which resides on the surface of the enzyme above the catalytic pocket (Zhang et al., 1994; Robinson et al., 1996) . This may explain why the L6 mutants can generate unique cytoskeletal rearrangements. Our results also show that the ERKs regulate chemotactic cell migration perhaps through interactions that would not involve the L6 loop. Two mutants (T183E and Y185F) targeting the TEY motif within the phosphorylation lip caused modest increases in morphological flattening and threefold increases in chemotactic cell migration toward PDGF-BB. Surprisingly, however, a double mutant targeting both T183 and Y185 (AEF) had no effect on morphology or chemotaxis. The AEF mutation induced high levels of disorder (B-factor shifts) in at least five regions of the molecule, based on a comparable mutant simultaneously targeting both T183 and Y185 (J. . In contrast, T183E caused only a modest level of disorder in the phosphorylation lip and Y185F only in the phosphorylation lip and a portion of subdomain II. It is possible, therefore, that moieties disrupted by the AEF double mutation are critical in generating the chemotactic phenotype. One putative sequence (loop L14) is unique to the ERKs, is disrupted by a double mutation of TEY, and is adjacent to an epitope (residues 305-325) that is cryptic upon the ERK-MT interaction (Zhang et al., 1994; Reszka et al., 1995) .
A second possible factor that differentiates the phenotypes associated with each particular ERK2 mutant relates to their phosphorylation by MEK. Simultaneous phosphorylation of T183 and Y185 is sufficient and necessary to trigger the opening the catalytic pocket, which is shifted by 170 when compared with that of active cyclic AMP-dependent protein kinase (Zhang et al., 1994) . No information is available regarding the crystal structure of the ERKs or their mutants after phosphorylation by MEK. However, we and others have shown that MT-associated ERKs are highly phosphorylated on tyrosine and more active than their soluble counterparts (Lu et al., 1993; Reszka et al., 1995; Morishima-Kawashima and Kosik, 1996) . Because each of the ERK mutants bound to the MTs with apparently equal affinity, this may suggest that phosphorylation plays an important role in regulating ERK interactions after binding to the MTs. In this respect, there exists three classes of (non-L6) mutants that are all catalytically inactive but discernible by their level of phosphorylation. K52R can be fully phosphorylated by MEK and produced a 2.5-fold increase in morphological flattening but no changes in chemotaxis. T183E and Y185F can still be partially activated after phosphorylation on a single residue by MEK in vitro (J. . These mutants also cause threefold increases in chemotaxis and 2.5-fold increases in flattening of the cells. Finally, the AEF mutant is excluded as a possible candidate for phosphorylation by MEK; it was not detected by anti-phosphotyrosine antibodies after stimulation with FCS and generated no discernible phenotype.
The evidence suggests that ERK2 regulates cytoskeletal organization and chemotaxis through distinct interactions that may occur within the context of enzyme-substrate contacts formed on the MTs. Previous data had shown that inactive ERKs cannot suppress mitogenesis in the absence of a marked overexpression of the enzyme. In agreement with this, it was shown that a twofold expression of mutant ERK2 had no effect on cell growth rates or feedback inhibition. Instead, the only discernible phenotypes were those that involved the regulation of cytoskeletal organization and chemotaxis. Although no clear mechanism can yet be proposed, one can assume that phosphorylation, catalytic activity, and MT-specific interactions might be implicated. One may wonder whether a more significant rearrangement of the cytoskeleton after high level overexpression of ERK or MEK mutants might also significantly affect cell growth regulation.
